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Abstract 

We construct a Galacto-Local Group rotation curve, combining the Galactic rotation curve with a 
diagram, where galacto-centric radial velocities of outer globular clusters and member galaxies of the Local 
Group arc plotted against their galacto-centric distances. The high- velocity ends of this pseudo rotation 
curve within a radius i? ~ 150 kpc arc well traced by a rotation curve calculated for the NFW (Navaro, 
Frenk, White) and Burkert dark halo models. The NFW model indicates that the Galaxy's mass within 
385 kpc, half distance to M31, is ~ 4 x IO^^Mq. High- velocity ends of the pseudo rotation curve for the 
entire Local Group up to 1.5 Mpc indicate isothermal nature with a terminal velocity of ^ 200 km s~^. 
In order for the Local Group to be gravitationally bound, an order of magnitude larger mass than those 
of the Galaxy and M31 is required. This fact suggest that the Local Group contains dark matter of mass 
5 X IO^^Mq, filling the space between the Galaxy and M31. The mass density of the Galactic dark halo 
becomes equal to that of the Local Group's dark matter at i? ^ 100 kpc, beyond which the intracluster 
dark matter dominates. If we define the Galaxy's radius at this distance, the enclosed Galactic mass is 
'--^ 3 X IO^^A/q. We comment on the barionic mass fraction of the galaxies in the Local Group. 

Key Vifords: galaxies: dark halo — galaxies: structure — galaxies: the Galaxy — galaxies: rotation 
curve — galaxies: Local Group — universe: dark matter 



1. Introduction 

The Milky Way Galaxy and M31 are the major con- 
stituents of the Local Group, around which many satel- 
lites and dwarf galaxies are orbiting(Mateo 1998; Sawa 
and Fujimoto 2005). Masses and extents of dark halos 
around these two giant galaxies are crucial for understand- 
ing the dynamics and structure of the Local Group. Outer 
rotation curve of the Galaxy is a key to put constraints 
on the dark halo structure. In this paper, we consider the 
dark halo of our Galaxy based on a recent accurate rota- 
tion curve (Sofue et al. 2008), and try to link it to the 
dynamics of the Local Group and M31. 

Rotation curve of the Galaxy has been extensively used 
to derive the mass structure (Fich and Tremaine 1991; 
Sofue and Rubin 2001). The inner rotation curve was ob- 
tained by the terminal velocity method applied to radio 
line observations (Burton, Gordon 1978; Clemens 1985; 
Fich et al. 1989). The outer rotation curve has been 
obtained by combining CO line velocities and optical dis- 
tances (Blitz et al. 1986; Fich et al. 1989), and by the HI 
disk-thickness method (Honma and Sofue 1997). Optical 
measurements of carbon stars have added many data 
points for outer rotation (Demcrs and Battinclli 2007). 
An accurate rotation velocity was obtained at a galacto- 
centric radius of 13 kpc using VERA from parallax-proper 
motion measurements (Honma et al. 2007). These data 
were recently integrated to derive an accurate rotation 



curve of the Galaxy (Sofue et al. 2008). Here, we assume 
the galactocentric distance of the Sun to be 8.0 kpc and 
its circular rotation velocity of 200 km s^"'^. 

Rotation curves are usually decomposed into several 
components, mostly into a bulge, disk and dark halo 
(Sofue and Rubin 2001). We have decomposed the newest 
rotation curve into a de Vaucouleurs bulge, exponential 
disk, and isothermal dark halo (Sofue et al. 2008). We 
showed that the outer rotation curve is reasonably fitted 
by an isothermal model. However, it was also pointed 
out that the halo model might not be unique: It is dif- 
ficult to clearly discriminate one model from the other, 
e.g. isothermal model (Begeman et al. 1991) from NWF 
(Navarro et al. 1996) and Burkert models (Burkert 1995), 
because of the large scatter of data as well as for the lim- 
ited radius within which the rotation curve is observed. 
Recent extensive observations of M31 showed that the ro- 
tation curve is similar to that of the Galaxy and can be 
decomposed into bulge, disk and an extended dark halo 
(Carignan et al. 2006). 

Kinematics of satellites and member galaxies in the 
Local Group is a crew to estimate the dark halo, which 
is considered to be extended far outside the galactic disk 
and in the intracluster space. Kahn and Woltjer (1959) 
for the time argued for dark matter in the Local Group 
beyond the Galactic disk, obtaining a few IO^^A/q, by an- 
alyzing the motion of satellite galaxies. There have been 
many works to use satellite galaxies to probe the mass 
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and density distribution around galaxies (e.g., Einasto, 
et al. 1974; Ostriker et al. 1974; Zaritsky et al. 1989, 
1997; Fich and Trcmaine 1991; Kochanek 1996; Kulessa 
and Lyndcn-BcU 1992; Peebles et al. 2001; Prada et al. 
2003). Recently, Li and White (2007), and van der Marel 
and Guhathakurta (2008) analyzed the radial velocities of 
satellite galaxies surrounding the Galaxy and M31, deriv- 
ing a total mass of the Local Group of several 10^^ Af©. 
Sawa and Fujimoto (2005) have computed probable past 
orbits of almost all major members of the Local Group 
under the condition that their positions and radial veloc- 
ities are satisfied at the present time. They suggested a 
great encounter of the Galaxy and M31 group in the past. 
Cox and Locb (2008) predict a future collision again of 
the Galaxy with M31. 

In the present paper, we examine the behaviors of rota- 
tion curves calculated for different dark halo models in the 
outskirts of the Galaxy and in the Local Group. We com- 
pare the model rotation curves with a "pseudo rotation 
curve" of the Local Group, which combines the rotation 
curve of the Galaxy and radial velocities of the members 
of the Local Group. 

2. Galactic Rotation Curve 

According to Sofue et al. (2008), we assume that the 
Galaxy is composed of three mass components: a bulge, 
disk and dark halo. The surface mass distribution of a 
galactic bulge is expressed by the de Vaucouleurs (1958) 
law, which is decomposed into the volume density distri- 
bution for calculating the circular rotational velocity. The 
surface mass distribution of the disk is given by a thin ex- 
ponential disk, and the rotation velocity is calculated by 
using the modified Bessel functions (e.g. Freeman 1970). 
The volume density in the galactic disk is approximated 
by dividing the surface density by scale height, which in- 
creases with the radius, which is equal to 144 pc in the 
solar vicinity. In Sofue et al. (2008), we have shown that 
the inner Galactic rotation curve is best-fitted by a com- 
bination of a bulge mass of 1.8 x 10^°Mq, its scale radius 
0.5 kpc, disk mass 7 x IO^^Mq and scale radius 3.5 kpc, 
which arc surrounded by a dark halo. 

For the dark halo, we consider three cases of mass 
distributions: (1) semi- isothermal spherical distribution 
(Begeman et al. 1991), (2) NFW (Navarro, Frenk and 
White 1996), and (3) Burkert (1996) models. The density 
profiles are written, respectively, as 
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Fig. 1. Schematic plot of tlie volume density in the Galaxy 
for the approximate density profiles discussed in section 2. 
Inner and outer dashed lines are for the bulge and disk com- 
ponents, respectively. Solid lines from the top to bottom at 
-R = 30 kpc are contributions by the dark halos of isothermal, 
Burkert and NKF models, respectively. 




Fig. 2. Schematic plot of enclosed masses within radius R 
for the dark halos (solid lines) and the disk (dashed line), 
corresponding to figure 1. 
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Fig. 3. Schematic rotation curves of the Galaxy for three 
dark halo models: isothermal, Burkert and NFW dark halo 
models, by solid lines from top to bottom at i? = 30 kpc. 
Lower curves show rotation velocities due to dark halos alone, 
and upper curves are for those including the bulge and disk. 
The inner and outer dashed lines are for the bulge and disk 
components, respectively. 



Here, h is the scale radius (core radius) of the dark halo. 
The circular rotation velocity is calculated by 
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with I —\so, Bur, or NFW. 

A scale radius of ft, = 5.5 kpc has been obtained for an 
isothermal halo, which best-fits the outer rotation curve 
after subtracting maximum bulge and disk contributions 
(Sofue et al. 2008). Scale radius on the order of 3.5 to 
10 kpc have been used for NFW profiles by other authors 
(e.g. Hayashi and Chiba 2006; Seljak 2002). Wc adopt 
/i= 10 kpc commonly for the three models throughout this 
paper, as it is not a sensitive parameter for discussing the 
outer Galaxy. 

Figure 1 shows the density distributions for individual 
components of the bulge and disk, as well as those for the 
three different models of the dark halo. The parameters 
are the same as those adopted in Sofue et al. (2008) except 
for the halo scale radius [h = 10 kpc). Figure 2 shows the 
corresponding masses enclosed within a sphere of radius 
R. In these figures, the total masses of the disk and halo 
are adjusted so that they become equal to each other at a 
radius i?c, which we call the disk- halo critical radius. We 
take i?c = 15 kpc in the present calculation. Obviously, 
the circular velocities corresponding to the disk and halo 
become approximately equal to each other at the critical 
radius. 

The circular velocity of the Galaxy is calculated by 

V{Rf ^V,,{Rf + VA{Rf + Vi,{R)\ (6) 

where Vb(^), Vd(i?), and V\^{R) are the circular velocity 
corresponding to individual components of the bulge, disk, 
and dark halo, respectively. Figure 3 shows the calculated 
rotation curves for the bulge, disk and halo as well as their 
sum, for the three isothermal, NFW and Burkert halo 
models. The calculated rotation curve may be typical for 
a spiral galaxy having the standard structure, and mimics 
those obtained for M31 and other disk galaxies (Carignan 
et al. 2006; Hayashi and Chiba 2006). Rotation curves 
based on NFW density profiles have been obtained for 
various types of galaxies (Seljak 2002). 

Figure 4 shows the observed rotation curve of the 
Galaxy reproduced from Sofue et al. (2008), which is 
a compilation of observations in the decades from HI, 
CO, optical and VERA measurements. The observa- 
tions are well fitted by a model rotation curve by the 
grey fine (Sofue et al. 2008), which can be decomposed 
into three components: a de Vaucouleurs bulge of mass 
Mb = 1-8 X IQ^^Mq and scale radius i?b — 0.5 kpc, an ex- 
ponential disk of mass Md = 7 x lO^^M© and scale radius 
i?d = 3.5 kpc, and an isothermal dark halo of scale radius 
/i = 5.5 kpc with the terminal flat rotation velocity of 200 
km s^^. 

In figure 4 we plot calculated rotation curves for the 
three dark halo models as shown in figure 3. Thin solid 
line indicates isothermal dark halo model (iso), solid lines 
NFW model {nfw), and dashed lines Burkert model (bur). 



The curves are so adjusted that the velocity, or the en- 
closed mass, at Rc ~ 15 kpc is equal to each other, and 
the masses within Rc arc taken to be equal to that of the 
exponential disk . For each model, the upper line indi- 
cates the sum of those for the dark halo and disk. The 
thin dashed lines are for the bulge and disk. 

In the inner Galaxy at R <~ 10 kpc, the rotation ve- 
locity is predominantly determined by the bulge and disk 
contributions, and R < 0.5 kpc it is almost determined by 
the bulge alone. The dark halo contribution is negligible 
in any models at these radii. Thus, it is hard to discrimi- 
nate the models by comparing them with the observations 
in the inner Galaxy, although the data are most accurately 
obtained there. 

Near the Galactic Center at i? < 1 kpc, the volume den- 
sity of the NFW dark halo increases toward the nucleus 
inversely proportional to the radius (figure 1). However, 
the bulge density, obeying the de Vaucouleurs law, is kept 
sufficiently large compared to the dark halo density near 
the Galactic Center. The Burkert and isothermal halo 
models indicate a finite mild density plateau at the cen- 
ter, which is negligible compared to the disk and bulge 
densities. Accordingly, in any models, the contribution 
from the dark halo to the rotation velocity is negligible in 
the inner Galaxy. It is, therefore, not possible to distin- 
guish the dark halo models by comparing with the inner 
rotation curve. 

On the other hand, in the outer Galaxy, the dark halo 
is the major mass component, and therefore, the rotation 
velocity is sensitive to the dark halo model. The outer 
rotation velocities for the three models are diverging as the 
radius increases, particularly at R >^ 20 kpc. However, 
observational data are still restricted to the galactic disk 
at i? < 20 kpc, where the rotation curve is approximately 
flat. Also, the observations arc largely scattered in the 
outer Galaxy, except for the recently added accurate value 
of y 200 ± 6 km s'^at = 13.1 ± 0.2 kpc from VERA 
observations (Honma et al. 2007). Hence, it may still be 
too crude to use the galactic rotation curve in the present 
accuracy for discriminating the dark halo models, in so 
far as available observational kinematics using stars and 
interstellar gases are used. 

3. Pseudo Rotation Curve of the Local Group 

In order to discuss the dark halo and its mass distri- 
bution, kinematics beyond the Galactic disk is essential. 
There have been various works to use satellite and member 
galaxies in the Local Group for deriving the mass struc- 
ture in the Local Group (the literature cited in Section 1). 
We, here, examine a possibility to use radial velocities of 
the Local Group of galaxies as an extension of the rotation 
curve of the Galaxy. We use the observed radial velocities 
in a direct way for continuing the dynamical mass analysis 
of Galactic rotation curve. 

In flgure 5 we plot the absolute values of the galacto- 
ccntric radial velocities Vr — |Vgc| of outer globular 
clusters and members of the Local Group against their 
galacto-centric distances Rgc for objects within a dis- 
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Fig. 4. Observed rotation curve of the Galaxy (Sofue et al. 2008). Rotation curves are shown for three dark halo models of scale 
radius h = 10 kpc and critical radius Rc=l5 kpc. Thin solid line indicates the isothermal dark halo model, thick dashed linos Burkert, 
and thick solid lines the NFW model. For each model, the upper line indicates the sum of those for the dark halo and disk. The 
best- fit inner rotation curve is shown by grey line (Sofue et al. 2008). The bulge and disk contributions alone are indicated by thin 
dotted lines. 



tance of 150 kpc. Calculated rotation curves for the NFW 
model is shown by the thick line, and individual compo- 
nents arc shown by dashed lines. The isothermal halo 
model is shown by the upper thin line, which is horizontal 
at large radii. The upper boundaries of the plot is well 
fitted by the rotation curve for the NFW model. In figure 
6 we plot the same for entire region of the Local Group 
up to 1 Mpc. For each object, the galacto-centric distance 
Rgc was calculated from galactic coordinates and helio- 
centric distance for Rq — 8 kpc, and Vr was calculated 
from observed helio-centric radial velocity by correcting 
for the solar motion of Vq = 200 km s~^ after transforming 
to LSR velocity. We call these diagrams the "pseudo ro- 
tation curve" of the Local Group, or "Galacto-LG (GLG) 
rotation curve" . These may be compared to similar plots 
of velocity differences against spatial separations of satel- 
lite galaxies for many pair galaxies as obtained by Zaritsky 
et al. (1997) and Prada et al. (2003). 

Used galaxies and globular clusters with their longitude, 
latitude, distances and velocities are listed in table 1. The 
velocity and position data were adopted from Kulessa and 
Lynden-Bell (1992), Sawa and Fujimoto (2005) which is 
mainly based on those of Mateo (1998), Kochanek et al. 
(1996), and Kopylov et al. (2008). 

In figures and 5 and 6 we show the calculated rotation 
curves for the three dark halo models: isothermal, NFW 
and Burkert profiles. The dark halo models are so chosen 
that they are smoothly connected to the inner composite 



rotation curve for the best-fit bulge and disk models, and 
that the flat part at i? ~ 10 — 20 kpc is approximately 
reproduced. The scale radius of the dark halo is taken to 
he h = 10 kpc. The total mass of the dark halo within the 
critical radius i?c = 15 kpc in each model is taken to be 
equal to the disk mass in the same radius. 

As equations (2) and (3) indicate, the NFW and 
Burkert profiles arc similar to each other at radii suffi- 
ciently greater than the scale radius h, e.g. at i? ^ /i = 10 
kpc. Accordingly, the rotation curves corresponding to 
these two models are similar at i? > 30 kpc, except for a 
small difference arising from the difference in the profiles, 
and therefore the total masses, at R <^ h. 

If we look into the local area around the Galaxy at 
R <~ 150 kpc as in figure 5, the NFW well traces the 
upper envelope of the pseudo rotation curve. On the other 
hand, if look into the plot at larger scales as in figure 6, 
the isothermal model can approximately trace the upper 
boundary of the entire observations in the Local Group. 
Interestingly, M31, one of the major two massive galaxies 
in the Local Group, lies on this curve. 

These facts imply that the mass distribution in the 
Galaxy is an isolated system from the other members in 
so far as it is observed within ~ 150 kpc radius. Hence, if 
it is gravitationally bound to the Local Group, there must 
exist a much larger amount of dark mass than the dark 
halo of the Galaxy, filling the entire Local Group. 



Galactic Rotation Curve, Dark Halo, and Local Group 

Table 1. Globular clusters and satellite galaxies 
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30.3 


11.5 
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— (Table 1 continued) — 
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Leo I 


226.0 


49.1 


250.0 


286.0 


280.7 


253.7 


186.5 


Sextans A DD075 


246.2 


39.9 


1440.0 


325.0 


316.6 


1442.5 


176.2 


Sextans 


243.5 


42.3 


86.0 


277.0 


269.4 


89.0 


137.0 


Leo II DD093 


220.2 


67.2 


205.0 


76.0 


78.9 


207.5 


28.9 


GR8 DD0155 


310.7 


77.0 


1590.0 


215.0 


222.2 


1588.8 


188.1 


Draco DDO208 


86.4 


34.7 


82.0 


-293.0 


-275.6 


82.0 


-111.5 


Sagittarius 


5.6 


-14.1 


24.0 


140.0 
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16.4 
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Sgr DIG UKS1927-177 


21.1 


-16.3 
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-79.0 
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0.3 


NGC 6822 DDO209 


25.3 
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-54.0 


-44.5 
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36.6 
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34.0 


-31.3 
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-137.0 
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11.9 
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-182.0 


-177.9 
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-33.3 
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42.9 
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-80.0 


-81.3 
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KL sample: Kulessa and Lyndcn-Bell (1992). K sample: Kochanek (1996): Globular clusters and satellite galaxies. 
SF sample: Local Group galaxies from Sawa and Fujimoto (2006), whose list is mainly based on Mateo (1998). See 
the literature for original references. VV124: Kopylov et al. (2008). 
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Fig. 5. The Galacto-Local Group rotation curve. The Galactic rotation curve at i? < 20 kpc are taken from Sofuc ct al. (2008) as 
in figure 4. The data outside the Galactic disk are absolute values of Galacto-centric radial velocities taken from table 1 for globular 
clusters and satellite galaxies. The thick full line indicates the rotation curve for the NFW halo model (sum of the disk and halo) 
and dashed line is the NFW halo only. The asymptotic horizontal thin line represents the isothermal model. Note that the curve 
for the NFW model better traces the upper boundary of the plot than the isothermal model. 



4. Discussion 

Inner vs Outer Rotation Curves 

We have compared rotation curves based on the three 
dark halo models, isothermal, NFW, and Burkert, with 
the observed Galacto-Local Group rotation curve. In the 
inner Galaxy at R <~ 10 kpc, the disk and bulge are 
the major constituents of the mass, and therefore, the 
rotation velocity is little affected by the dark halo. In the 
outer disk, the dark halo contribution becomes significant. 
However, the shape of the rotation curve is not sensitive 
to the halo models at i? ~ 10 — 20 kpc, which is almost flat 
in any model, and the discrimination among the models 
is again difficult. 

We here note that, for such reasons, there have been 
many studies utilizing dwarf and low-surface brightness 
galaxies, which arc thought to be dark matter dominant 
(e.g. van den Bosch et al. 2000; Gentil et al. 2007; 
Jiminez et al. 2003). However, the major dynamical con- 
stituents of the Local Group are M31 and our Galaxy, two 
orders of magnitude more massive than dwarfs, where the 
bulge and disk arc dominant within the optical radii at 
< i?c ^ 15 kpc. It is, therefore, essential to investigate 
outer halo kinematics in order to discuss the dark halo in 
such a big galaxy as the Milky Way. For this purpose, 
we constructed a Galacto-Local Group rotation curve as 



shown in figures 6 and 5. 

4-2. NFW/Burkert model and the Mass of the Galaxy 

The upper boundary of the pseudo rotation curve 
within ~ 150 kpc radius is well fitted by the NFW and 
Burkert models, as shown in figure 5. In these models, 
the total mass of the Galaxy involved within a radius 770 
kpc, the distance to M31, is 8.7 x IO^^Mq, and the mass 
within 385 kpc is 4.4 x 10^^ Mq, respectively. These val- 
ues may be adjustable within a range less than lO^^Af© by 
tuning the parameters h and i?c, so that the flat galactic 
rotation at i? ~ 10 — 20 kpc can be approximated. 

In either case, the Galaxy's mass is by an order of 
magnitude smaller than the total mass required to grav- 
itationally bind the Local Group. If we assume that 
the two galaxies are gravitationally bound to the Local 
Group, the total mass is estimated to be on the order 
of Aftot ^ V^R/G - 4.8 X 10^2^/0. Here, the mutual ve- 
locity of the two galaxies is taken as V ^ VSVgc with 
Vgc = —134 km s^^for M31, and the radius of the orbit 
is i? = 385 kpc, where the factor -y/S was adopted as a 
correction for the freedom of motion. It is required that 
the Local Group contains a dark matter core of mass com- 
parable to this binding mass, ~ 4.8 x The mean 
mass density required to stabilize the Local Group is, thus, 
estimated to be plg ~ 2 x lO^^M^gpc""^. 
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Fig. 6. Galacto-Local Group rotation curve. The data outside the Galactic disk are absolute values of Galacto-centric radial 
velocities taken from table. Open circles and squares are globular clusters and satellites of the Galaxy, and filled circles are Local 
Group members. The filled circle doubled by a big open circle at 770 kpc indicates M31. Model rotation curves calculated for three 
different halo models, same as in figure 4, are showrn together. Solid and dashed lines are for NFW and Burkert models, respectively. 
The thin asymptotically horizontal line represents the isothermal model for terminal velocity 200 km s~^, respectively. Hubble flow 
for H(i = 72 km s~^Mpc~^ is shown by a dashed line near the right-bottom corner. 



We here define the boundary of the Galaxy as the ra- 
dius, at which the density of the galactic dark halo be- 
comes equal to the density of dark matter of the Local 
Group. The thus defined radius is Rq ~ 100 kpc for the 
NFW model. The Galaxy's mass within this boundary is 
Mg:NFW = 3 X 10"AfQ (figure 2). 

The high-velocity ends of the pscudo rotation curve for 
the entire Local Group up to ^1.5 Mpc in figure 6 are 
well represented by an isothermal dark halo model. The 
estimated total mass M ~ 4.8 x 10^^ Mq for the terminal 
flat velocity oiV= 134^3 ~ 230 km s'^ may be compared 
with the mass of the Local Group derived by Li and White 
(2007) of 5.3 X lO^^M©, and that by van der Marel and 
Guhathakurta (2008) of 5.6 x IO^^Mq. 

The mean dark matter density of the Universe is on the 
order of po ~ (HaRfR/G/ {i-KR^ /3) - 2 x IQ-^Sg cni-^ ^ 
1.2 X 10-^Mqpc-3 for Hq = 72 km s-^kpc"^. Total mass 
of this "uniform" dark matter is ~ 1.2 x IO^^Mq inside a 
sphere of radius 385 kpc, and ~ 1 x IO^^Mq in 770 kpc, 
which is small enough compared to the dynamical mass 
of the Local Group. 

The ratio of barionic mass (luminous mass) of a galaxy 
to the dark matter mass gives important information for 
the formation scenario of galaxies. The upper limit to the 
barionic mass of the Galaxy is approximately represented 



by the disk plus bulge mass, which was estimated to be 
Mbarion — 0.83 X IO^^Mq by fitting of the inner rotation 
curve using de Vaucouleurs bulge and exponential disk 
(Sofue et al. 2009). This yields an upper limit to the 
barionic-to-dark matter mass ratio of the Galaxy within 

radius R as T{R) = Mbarion/ {Mtotal(i?) - Mbarion} ^ 0.38 

for R = 100 kpc, and F ~ 0.23 for R = 385 kpc. These 
values are on the same order of the cosmological value of 
0.2 from WMAP (Spergel et al. 2003). We may consider 
that the barionic mass of galaxies in the Local Group is 
represented by those of the Galaxy and M31, which is 
about twice the Galaxy's barionic mass. Then, the upper 
limit to the barion-to-dark matter mass ratio in the Local 
Group is estimated to be F ~ 0.036, which is only 0.2 
times the cosmic value. It is expected that approximately 
80% of barionic matter of the Local Group exists in the 
intergalactic space without being captured to the present 
galaxies. 

4-. 3. The Galaxy borders M31 via Dark Halos 

HI observations by Carignan et al. (2006) showed that 
M31's rotation curve is flat till a radius 35 kpc. They esti- 
mate the mass of M31 within 35 kpc to be 3.4 x 10"Mq. 
This is comparable to the total mass of the Milky Way 
Galaxy within 35 kpc of 3.2 x IQ^^AIq. We may consider 
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Fig. 7. Top panel: Density profiles between the Milky Way 
and M31 for different dark halo models - isothermal, Burkcrt 
and NFW from top to bottom. Each galaxy is assumed to 
have the same density profile as in figure 1. The isothermal 
dark halo gravitationally binds the two galaxies. Bottom: 
Three small galaxies of a half scale radii and masses one to two 
orders of magnitudes less arc located on the line connecting 
the two giant galaxies. 

that the Galaxy and M31 have similar mass profiles. 

Figure 7 shows calculated density profiles along a line 
crossing the centers of the Galaxy and M31, where the two 
galaxies are separated by 770 kpc and are assumed to have 
the same density profiles as that in figure 1. Considering 
that the Galaxy and M31 are embedded in dark halos, 
both galaxies border by the dark matter, and are dynam- 
ically bound by the Local Group dark mass. 

If the halo profile is either Burkert or NFW, the galax- 
ies are not massive enough to bind each other, and cannot 
stabilize the Local Group. An extended massive compo- 
nent of intracluster dark matter of several x 10 ^^Mq is re- 
quired. The bottom panel in figure 7 illustrates a density 
profile for such a case that there exists a dark matter 
core at the midpoint between the Galaxy and M31. For 
each model, the core radius is h = 100 kpc and the inte- 
grated mass within a sphere of radius 385 kpc is adjusted 
to 5 X 10^^ Mq, a sufficient mass to bind the Local Group. 

In either model, less massive galaxies arc alike floating 
islands in the dark matter ocean between the two con- 
tinents (M31 and the Galaxy). In figure 7 we illustrate 
a possible case where three small galaxies are embedded 
in dark halos of two big galaxies. The small galaxies are 
given one or two orders of magnitudes less masses, and are 
located at random on the line connecting the big galaxies. 
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Fig. 8. Top panel: Same as figure 7, but the Galaxy and 
M31 are located on both sides of a dark matter core of the 
Local Group whose core radius is h = 100 kpc, and integrated 
mass within a sphere of 385 kpc is adjusted to 5 X IO^^Mq, 
so that the dark matter can bind the Local Group. Bottom 
panel: Schematic illustration of dark halos of the Galaxy, 
M31, and an arbitrary dwarf galaxy embedded in the Local 
Group dark core. 

It is known that rotation curves of dwarfs and latest 
type galaxies increase monotonically toward their edges, 
as is typically observed for M33 (Corbelli and Salucci 
2000). We may speculate that M33 borders M31 by their 
dark halos, and the rotation velocity increases until it 
reaches the velocity dispersion in the Local Group of ~ 200 
km s^^. 

We, here, encounter a question about "temperatures" of 
dark matter. Inside small galaxies, rotation velocities are 
as small as ^ 100 km s~^, much less than those in giant 
spirals and intracluster space, and therefore, the potential 
is shallow. Accordingly, the dark matter is cooler, so that 
it is gravitationally bound to the shallow potential. On 
the other hand, the halo continuously merges with halos 
of bigger galaxies and/or intracluster matter with higher 
velocities of ~ 200 km s~^. Thus, the temperature of dark 
matter increases from inside to outside of a dwarf galaxy. 
This temperature transfer of dark matter occurs also from 
inside the outskirts of the Galaxy at i? ^ 100 — 150 kpc, 
where the rotation velocity is ^ 100 km s^^according to 
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the well fitted NFW model, to outside where the Local 
Group dark matter with velocity dispersion of ~ 200 km 
s~^is dominant. 

We may consider that there are three components of 
dark matter. First, the galactic dark matter which de- 
fines the mass distribution in a galaxy controlling the 
outer rotation curve; second, extended dark matter fill- 
ing the entire Local Group having a velocity dispersion 
as high as ~ 200 km s~^, which gravitationally stabilize 
the Local Group; and finally, uniform dark matter hav- 
ing much higher velocities originating from supergalactic 
structures. The third component, however, does not sig- 
nificantly affect the structure and dynamics of the present 
Local Group. We may therefore speculate that at any 
place in the Galaxy, there are three different components 
of dark matter having different velocities or different tem- 
peratures. They may behave almost independently from 
each other, but are interacting by their gravity. It would 
be an interesting subject for the future to perform a sim- 
ulation along the line of Sawa and Fujimoto (1998), but 
taking into account the different dark matter components 
of dark halos and the Local Group's dark mass. 
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